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Abstract
New evidence reveals that the common electrolyte disorder hypokalemia can induce K2P1
channels that are normally selective for K+ to break the rules and conduct Na+. This defiant
behavior leads to paradoxical depolarization of many cells in the heart, increasing the risk for
lethal arrhythmia. The new research resolves a mystery uncovered 50 years ago and bestows an
array of new riddles. Here, I discuss how K2P1 might achieve this alchemy—through stable
residence of the K+ selectivity filter in a Na+-conductive state between its open and C-inactive
configurations—and predict that other K+ channels and environmental stimuli will be discovered
to produce the same excitatory misconduct.
The human heart gave physiologists a splendid mystery (1, 2) and clinicians a recurrent
challenge (3) in 1956, the year Elvis growled “Heartbreak Hotel.” Here it is. When the
concentration of K+ in the bloodstream falls below normal—a condition called hypokalemia
—many cells in the heart, including Purkinje fibers in the conduction system, paradoxically
depolarize. This disrupts electrical synchrony among cardiac cells, creating a risk for
dangerous arrhythmia. Depolarization is unexpected because resting cells are usually
selectively permeable to K+ and, as Nernst advises (4), lowering K+ concentration in the
blood should lead cells to hyperpolarize. Some of the depolarization results from a
mysterious inward leak of Na+, even though known pathways for that ion are closed. Now, a
crack detective team—Ma, Zhang and Chen—has resolved both the paradox and the
mystery of what gives rise to this leak (5). The answer is exciting: K2P1 K+ channels—
members of a large family of background channels that establish resting membrane potential
(RMP)—break the rules by dynamically changing their selectivity for ions when
extracellular K+ concentration falls; under these conditions, Na+ can pass through K2P1
using a pathway not so very different from those that conduct only K+.
The Paradox
Mammalian cells spend precious adenosine 5′-triphosphate (ATP) to run the Na+-K+ pumps
that maintain high concentrations of intracellular K+ and keep internal Na+ low. Open K+
channels allow K+ ions to exit cells down their concentration gradient. K+ efflux produces
excess negative charge inside the cell until, at equilibrium, the concentration gradient is
balanced by electrostatic forces favoring K+ influx and there is no net K+ movement. The
membrane voltage that yields equilibrium for a particular ion at a given concentration
gradient is that ion’s equilibrium reversal potential (Eion). At room temperature and normal
conditions, EK is about −90 mV (Fig. 1A). Most human cells have resting potentials around
−70 mV because K+ is not the only ion that crosses the membranes of quiescent cells. Of
greatest relevance here, Na+ influx moves the membrane potential in the opposite direction,
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toward ENa (around +70 mV). Because more K+ channels are open at rest than are pathways
for other ions, the RMP of both skeletal and cardiac muscle cells depolarizes as external K+
increases above normal concentrations (6). The conundrum is this: Reducing the external K+
concentration hyperpolarizes skeletal muscle toward EK, as expected, whereas the same
maneuver causes many cardiac cells to depolarize.
Hypokalemia and Sudden Death
Hypokalemia—low blood K+—is a common disorder. Present in up to 20% of hospitalized
patients, it is usually tolerated in healthy people but can be life-threatening in individuals
with cardiovascular disease (7). Normal serum K+ concentration is 3.5 to 5 mM.
Hypokalemia is classified as mild (3.0 to 3.5 mM), moderate (2.5 to 3.0 mM), or severe
(<2.5 mM). The condition most often results from urinary or gastrointestinal K+ loss
because of extended use of diuretic medications or severe diarrhea. Less frequently,
hypokalemia occurs because of acute shifts of K+ from the extracellular spaces into skeletal
muscle owing to stimulation of Na+-K+ pumps by insulin or drugs that stimulate β-
adrenergic receptors; therapeutic doses of the latter can abruptly reduce plasma K+
concentration by 1.1 mM (8). Inadequate dietary intake is rarely a cause of hypokalemia
because 95% of K+ in the body is inside cells, and this serves to maintain serum
concentration unless poor intake is prolonged and coupled with substantial loss.
Hypokalemia promotes cardiac arrhythmia because myocardial depolarization [due to the
mysterious sodium leak considered here and also decreased activity of certain voltage-gated
K+ channels (9)] leads to automaticity—that is, firing of action potentials that are not
initiated by the pacemaker of the heart, the sinoatrial node. The risk of sudden cardiac death
(which occurs in 3 million people a year worldwide) is increased up to 10-fold in
hospitalized patients with hypokalemia as compared with those whose serum K+
concentrations are normal (10).
K2P Channels
K+ background currents, long-recognized as essential to nerve and muscle function because
of their role in establishing RMP (11, 12), are now largely attributed to K2P channels (Fig.
1B) (13, 14). Humans have 15 genes encoding K2P-family channels. Uncovered by their
primary structure of two pore-forming (P) loop domains in each subunit (15) and operation
as K+-selective leak pathways (16–18), K2P subunits have two, nonidentical, K+ channel
signature sequences (P1, T-I/T/V-G-Y/F-G; P2, T-I/VG-F/L-G) (19). Two subunits are
required to create a single ion conduction pathway, and native channels consist of either
homodimers or mixed subunit complexes (20–22). Subject to a broad array of regulatory
influences (23), K2P channels have been implicated in such diverse processes as sensation
of oxygen tension, proton concentration, and odors; modulation of blood pressure, cardiac
electrophysiology, and the immune response; apoptosis; and action of medications such as
general anesthetics (24).
Active K2P channels almost always suppress excitability by stabilizing the RMP of
excitable cells below the threshold for firing an action potential and by expediting
repolarization to baseline. However, there is a history of defiance in this family. K2P2 (also
known as TREK1) has a truncated isoform that shows stable excitatory behavior because it
conducts Na+ (25, 26). K2P1 (also known as TWIK1), the channel under focus here, has
now been shown by Ma et al. (5) to have the remarkable ability to switch dynamically
between suppressive and excitatory function. K2P1 was already known to have exceptional
properties that Ma and colleagues had to overcome in order to perform their investigation.
Although K2P1 reaches the plasma membrane in tissues throughout the body, it remains
well hidden when sought out by electrophysiologists unless a lysine in the cytoplasmic C
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terminus (K274) is mutated or a desumoylating enzyme is applied. Clarification of this
property revealed that the SUMO (small ubiquitin-like modifier) enzyme cascade operates
not only on nuclear transcription factors but at the cell surface, where K2P1 is silenced by
covalent linkage of SUMO to the ε-amino group of K274 on just one subunit (although both
sites can be modified); the channel is activated by mutation of K274 because it is no longer
subject to sumoylation (27, 28). The SUMO cascade is now also known to regulate the
activity of voltage-gated K+ channels at the surface of hippocampal neurons (29).
Master Sleuths
Ma and colleagues noticed that K2P1 mRNA had been identified in human but not rodent
heart and that this distribution correlated with the observation of paradoxical depolarization
in man but not mouse. They tested the hypothesis that hypokalemia causes K2P1 to conduct
Na+ as follows. First, they mutated K2P1 K274 to E so the channels would not be silenced by
the SUMO cascade; then, they expressed the constitutively active channels in Chinese
Hamster ovary (CHO) cells and decreased the extracellular K+ concentration: Na+ passed
inward, depolarizing the membrane. Five other K2P channels did not conduct Na+ in low
extracellular K+: K2P2, K2P3, K2P9, K2P10, and K2P13. Recognizing that K2P1 had a T in
the signature sequence of the P1 loop where the other channels had an I (Fig. 1C), Ma et al.
created a K2P9 mutant in which the native I was substituted with T (K2P9-I94T) and found
that it now conducted Na+ in low extracellular K+. The corresponding K2P13 mutant,
K2P13-I112T, remained selective for K+, indicating that the T was important but not
sufficient to transfer the phenotype. In an experimental flourish, they analyzed a mouse heart
cell line (HL1) and showed that these cells hyperpolarized from −78 to −102 mV when the
extracellular K+ was decreased from 4 mM to 1 mM, unless they expressed human K2P1; in
that case, the cells slowly depolarized in low K+ to −63 mV (Fig. 1, A and D). Moreover,
45% of human primary cardiac myocytes showed paradoxical depolarization from −78 mV
to −44 mV when exposed to low concentrations K+, whereas 55% hyperpolarized to −94
mV—a finding that is consistent with two levels of RMP seen in canine Purkinje fibers (6).
Further, when native K2P1 in the human cardiocytes was knocked down with short hairpin
RNA (shRNA), paradoxical depolarization was observed in only 15% of the cells, and 85%
responded with hyperpolarization.
Changing the Selectivity of K+ Channels
These results are marvelous and exciting but not surprising. The real questions are, why did
it take so long to discover a K+ channel that alters selectivity in response to a natural
environmental challenge, how many more channels are there that do so, and to what stimuli
do they react? Changes in the selectivity of K+ channels have been induced by
experimentalists who used point mutations to define the signature sequence and its role (30,
31). Further, natural mutations in K+ channel filter sequences, identified by their association
with diseases in mice or men, have also generated Na+ conductive pathways (32–34).
Although these mutations altered ion selectivity by modifying the filter directly, selectivity
has also been changed by mutations distant from the filter in the primary sequence (35, 36)
or by co-assembly with accessory subunits that concurrently modify other conduction
pathway attributes such as unitary current or the affinity of blockers that bind in the pore
(37–40). Moreover, there are families of channels that favor K+ but are less selective,
allowing Na+ to permeate to varying degrees; these include the hyperpolarization-activated
cyclic nucleotide-gated channels (41) and the small-conductance calcium-activated K+
channels (42). Particularly germane is K2P2, a channel that has two natural forms that vary
only in the length of their intracellular N-termini because of alternative translation initiation.
Full-length K2P2 and K2P2Δ56 are produced in different amounts in different regions of the
rat central nervous system in a manner that varies with development. Whereas full-length
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K2P2 is very selective for K+, the short version lacking 56 residues conducts Na+, leading to
membrane depolarization (25, 26). Thus, K+ channel signature sequences do not need to be
mutated to enable Na+ conduction but can be persuaded to do so by factors external to the
filter.
K2P2Δ56 is an example of a natural, nonpathological structural change that allows Na+ ions
to pass through an otherwise K+-selective channel under physiological conditions,
presumably because the conduction pathway has been stably reconfigured. In contrast, Ma et
al. (5) demonstrate that K2P1 can change its selectivity in dynamic fashion with the small
decreases in external K+ seen in humans. Although prior observations of induced Na+
conduction through K+-selective channels required a nonphysiological experimental
manipulation—removal of internal K+ (43–46)—those studies suggest how K2P1 might
operate in vivo. Kv2.1 voltage-gated K+ channels undergo a natural gating transition
mediated by the selectivity filter. In the presence of lowered internal K+, this transition,
called C-type inactivation, moves the channels through three functional states, including one
that conducts Na+. There is an open state that is highly selective for K+, a transient
intermediate state that is more permeable to Na+ than K+, and a non-conducting inactivated
state (46). The transient state was inferred by functional studies to result from dynamic
rearrangement of the selectivity filter (45). Recent computational and structural studies
support the idea that there is a Na+-permeable pore conformation in K+ channels in between
the open and C-type, nonconducting states.
The first crystal structure of a K+ channel showed that the signature sequence in the bacterial
KcsA channel met all expectations (47, 48). It confirmed the proposal that the K+ filter
would be formed by backbone carbonyl oxygens (49), a suggestion based on prior
consideration of the Na+ filter (50), and the conclusion drawn from studies of blockade by
barium that there would be at least four K+-binding sites in the pore (51, 52). The structure
also appeared to support the prevailing “Goldilocks hypothesis” for ion selectivity, that the
dimensions of the conduction pathway were just right to bind K+ but too large to coordinate
smaller Na+ and satisfy the energetic cost of its dehydration. However, the snug-fit proposal
was argued to be at odds with the natural flexibility of proteins (53), computations used to
assess ion-protein and ion-ion interaction energies and a resultant dynamic model for
selectivity based on flexible binding sites with fluctuating dipoles (54); indeed, the model
anticipated conformational changes within the selectivity filter that would permit Na+
permeation (55).
Although KcsA is not voltage-gated, it recapitulates the hallmarks of C-type inactivation
(56). Moreover, the KcsA selectivity filter can be resolved with x-ray crystallography in
three distinct structures (Fig. 1E): one that is open with four ion-binding sites, an
intermediate state with three sites, and a nonconducting, C-type inactive state with two sites
(57). Supporting the association of ion selectivity and C-type transition, a network of
hydrogen bonds behind the KcsA filter that alter C-type inactivation (56) appears to be
present in mammalian inward rectifier K+ channels and to influence their selectivity (58).
That four contiguous K+-binding sites are required for high K+ selectivity, whereas three
allow Na+ to permeate, is also consistent with structural studies of the NaK channel that
conducts both Na+ and K+ (59) and the thesis that the same filter residues can coordinate K+
and Na+ with different chemistries (60).
The idea that dynamic changes in selectivity can occur is not new (61). The big news is that
a highly selective K+ channel can dynamically respond to small, physiologically relevant
changes in the environment (in this case, the concentration of the permeant ion). Why has
this only been observed with K2P1? Perhaps because most K+ channels (including KcsA)
have a restrictive activation gate on the intracellular end of the pathway that moves in a
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coupled fashion with the filter gate (62) to close the pathway at its intracellular end (so no
Na+ or K+ can flow) and to destabilize the intermediate state. In contrast, K2P channels
open and close through C-type gating at the selectivity filter (18, 63), and the inner portion
of the channel moves (in a manner coupled to the filter) but does not restrict ion permeation
(64).
I propose that a Na+-permeable intermediate state that is occluded or short-lived in most K+
channels is stabilized in K2P1 by hypokalemia and created in K2P2 by an N terminus
shortened by 56 residues. Given that filter flexibility and C-type inactivation appear to be
shared characteristics of K+ channels, it seems likely that more channels will be found to
show dynamic changes in selectivity. It also seems reasonable to anticipate that other natural
environmental stimuli (such as pH, hormones, medications, and second messengers) will
mediate changes in selectivity.
More Mysteries
The work of Ma and colleagues provides a delightful array of new riddles. They observe
K2P1 to remain selective for 60 s after the extracellular K+ concentration is decreased, so
that cells hyperpolarize briefly and then depolarize unhurriedly, with a time constant of ~6
min (Fig. 1D). Restoration of selectivity on K+ repletion is even slower, taking 40 to 80 min.
However, the changes in selectivity demonstrated in canine Purkinje fibers are essentially
immediate (6). Does this reflect different behaviors of the same channel across species or
(gasp) different channel types? The slow response of K2P1 to hypokalemia led Ma and
friends to posit slow changes in filter structure that become locked in place. Alternatively,
events this serene are often due to intracellular regulation, such as control of K2P0 by C-
terminal phosphorylation, a process that depends on the conformation of the selectivity filter
(18). Why does shRNA knockdown of K2P1 produce all-or-none effects on paradoxical
depolarization rather than graded responses, given that the reagents suppress only a portion
of the channels? Is there a role for the SUMO cascade in the paradoxical response? Given
that K2P2Δ56 has an I in the signature sequence and can pass Na+, is the T in K2P1
necessary only for dynamic selectivity changes? Does the change in K2P1 selectivity help to
stabilize myocardial activity in the face of normal decreases in serum K+ that might suppress
function were the cells to hyperpolarize as expected?
Those old-time physiologists gifted us a paradox. The King gave us “Heartbreak.” The Bee
Gees asked, “How can you mend a broken heart?” Ma, Zhang, and Chen have provided
answers: Monitor and adjust serum K+ concentration and work to develop therapies that
target K2P1 in order to protect those individuals most at risk of arrhythmia.
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Fig. 1.
(A) Reversal potentials for K+, Na+, and RMP of CONTROL HL-1 cells and those
expressing K2P1-K274E under normal and hypokalemic conditions. EK and ENA were
calculated with 4 mM K+ and 1 mM K+ at 20°C, and RMP for mouse HL-1 cells were under
control conditions or expressing K2P1-K274E channels from Ma et al. (5) showing
depolarization to −63 mV, with hypokalemia in the latter case. (B) K2P0 subunit and
homology model. (Left) Single subunit topology showing M1 to M4 (transmembrane
segments 1 to 4) and the two P loops (P1, P2). K274, the residue mutated in K2P1 to avoid
sumoylation, is indicated. (Middle) Homology model for the dimeric channel built on the
basis of pairs of residues that interact (21) viewed from outside the cell and indicating a K+
ion (purple) in the pore shows bilateral symmetry with a fourfold symmetric selectivity
filter. One subunit is colored in purple, and the other is blue. The P1 pore helices are in
yellow, and P2 pore helices are in green. (Right) Side view of domain I of both subunits. (C)
Signature sequences of P1 loop and P2 loop in K2P0 (dORK1), K2P1, K2P2, K2P3
(TASK1), K2P9 (TASK3), K2P10 (TREK2), and K2P13 (THIK1). Although most K2P
channels have an I in the P1 loop, the T in K2P1 (highlighted yellow) is identified by Ma et
al. as important for its ability to undergo dynamic changes in ion selectivity with
hypokalemia. Single-letter abbreviations for the amino acids are standard. (D) K2P1-K274E
channels are expressed in CHO cells, and external K+ decreased from 5 mM to nominally no
K+ (0K). Changes in RMP (ΔErev) reveal rapid hyperpolarization (phase 1) followed by
slow paradoxical depolarization (phase 2) [from Fig. 6A in (5)]. (E) Three classes of KcsA
filter structure determined with the lower activation gate in the open configuration from
(57). (Left) The filter with 4 K+ binding sites conducts K+ (K flux). (Middle) The
intermediate state shows three K+-binding sites in the filter and is proposed in this essay to
be similar to the Na+-conductive state in K2P1-K274E with hypokalemia (Na+ flux
proposed). (Right) The nonconducting, C-type inactivated filter shows two K+-binding sites.
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